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Production and hosting byAbstract The origin of PGEeCueNi sulfide deposits of Norilsk and Talnakh located in the northwest
flank of the Triassic basalt trap formation of Siberia is considered. It is shown that ore elements of these
deposits (probably, except Fe) are derived from the crust rather than from the mantle. They entered the
basalts owing to a remobilization (recycling) of ore elements from the Paleoproterozoic sediments and
from the rocks of the Siberian platform’s basement. Prospecting criteria for similar deposits are as
follows: (1) a presence of a large Paleoproterozoic aulacogen and a related magmatic sulfide CueNi
mineralization; (2) a confinement of perspective areas to troughs associated with long-lived deep fault
zones; (3) association with mobile orogenic belts, island-arc systems and tectonomagmatic activation
zones; (4) temporal association with boundaries of global periods characterized by active processes of
continental breakup and large-scale trap magmatism. A combination of several factors (the first one is
obligatory) is favorable for the discovery of a large ore body.
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The discovery of the Talnakh deposits with high-grade sulfide ores
confined to the base of Early Triassic thin (150 m in average)
sill-shaped bodies of the giant Siberian traps significantly influ-
enced concepts of the origin of magmatic copperenickel ores.
Intensive attention from the world’s leading researchers to the
Talnakh deposits is due to three factors: giant sizes of ore bodies;
their assumed association with the Mesozoic Traps; and the fact
that prior to the discovery of Norilsk all large known deposits of
copperenickel and platinum ore deposits in the world were
associated with giant Proterozoic ultramafic-mafic intrusions.
The discovery of a new type of ore deposits not only changed the
situation in the world’s mineral markets, but also strongly
improved the understanding of magmatic sulfide ore formation.
If the hypothesis of a genetic link between ore formation and the
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continents affected by the global Mesozoic trap magmatism.
However, various types of geological works at different scales
over the last 25 years impugned this hypothesis, which resulted in
the development of genetic concepts for this type of ore deposits.Figure 1 Assumed spatiotemporal conjugated series of ore forma-
tions: elements of the development of ore-magmatic systems related to
trap and granitoid magmatism in the TaimyreNorilsk province
(Dodin et al., 1994).2. Existing genetic concepts
Unique PGEeCueNi deposits of the Norilsk region are
characterized by a prolonged multistage evolution. The regional
basement, which comprises Archean crystalline complexes and
LowereMiddle Proterozoic volcano-sedimentary rocks, was sub-
jected to multiple tectonomagmatic transformations. Consolidation
of heterogeneous blocks of variously aged Archean and Early
Karelian rocks produced several extended long-lived Early Prote-
rozoic lineaments (rifting structures).
According to Dyuzhikov (2004), the unified Precambrian North
Asian superplatform was broken up in the Late PaleozoiceEarly
Mesozoic into several structures, including the West Siberian plate
and Siberian platform. The space between them is occupied by the
Yenisei pericratonic trough and the Norilsk-Taimyr system of
uplifts and depressions that mark a highly mobile Precam-
brianePaleozoic subduction zone. Ore deposits in the region are
related to the development of the tri-radial Permo-Triassic rift
system and concentrated in the YeniseieKhatanga deep fault zone.
There are three hypotheses for the origin of the Norilsk deposits:
liquation-magmatic (Kotulsky, 1946; Godlevsky, 1959), hydro-
thermal (Eliseev, 1953), infiltration-metasomatic (Zolotukhin, 1964)
and regenerative (Rogover, 1959). In the latter an ancient pneuma-
tolytic-hydrothermal deposit assimilated by trap magma intrusion is
considered to be the main source of metals.
However, according to many other researchers, the Norilsk
deposits formed in a closed magmatic system involving mafic melts
enriched in Mg and volatile components; the ore-bearing massifs
were created during the final stage of trap magmatism as the result of
an independent magmatic cycle (Godlevsky, 1959). The similarity in
geochemical characteristics between the intrusive rocks and lavas,
plus depletion of nonferrous and noble metals in the Nadezhda
Formation, fostered the genetic concept for the Norilsk deposits
known as an openmagmatic system involving normal tholeiitic melts
during their ascent and eruption; and the sulfide ores formed as the
result of interaction between magmas and country rocks (Lightfoot
et al., 1993; Naldrett, 2003). This concept became widely accepted
and played a role in the development of geneticmodels for other large
copperenickel deposits in the world such as the Jinchuan, Kala-
tongke (China) and Voisey’s Bay (Canada) deposits. Although the
proposed various models are attractive, they have several short-
comings. For example, evidence for a direct link between the intru-
sive and effusive rocks in the Norilsk region is not present. This
problem is indicated by two facts: (1) relative to the volcanic rocks,
intrusive bodies of the ore-bearing Norilsk intrusions are mainly
located in the lower parts of the stratigraphic positions within the
DevonianePermian terrigenous-sedimentary rocks (therefore, real
interrelations between lavas and intrusions are missing); (2) The
UePb ages of all igneous rocks in the region indicate that they all
formed during a short time interval (0.3 Ma) (therefore, no
geochronological data to establish an accurate age relationship
between various types of rocks and different intrusions). Many
researchers hope to solve this problem using more effective methods
of investigation of rocks and minerals, for example, in studying the
distribution of rare elements in rocks (Krivolutskaya, 2010).Dodin et al. (1994) proposed a 6-stage petrologic-geodynamic
formation model for the Norilsk deposits. This model is based on
the prolonged evolution history of the Taimyr-Norilsk ore-magmatic
system including the pre-ore (PR-P2) stages (Fig. 1). Dodin et al.
(1994) signified the collision of the TaimyreSevernaya Zemlya
zone with the Siberian Platform in Early Permian, when marine
sediments submerged into the base of the platform as the result of
subduction of the oceanic crust. These sediments served as the source
of water, sulfur, chlorine, fluorine and halogenides for vigorously
flowing fluids. Partial melting of depleted mantle at apices of mantle
diapirs produced magmas with maximum contents of fluids. Deriv-
atives of the fluidized magmas served as parental melts for the
intrusions of the NorilskeTalnakh and Nekongdokon types.
An important contribution to the study of the Norilsk deposits
has been made by the work of Turovtsev (2002) on contact
metamorphism of the intrusions in the region. He showed that the
intrusive bodies of the Norilsk type are accompanied by very
wide aureoles of contact-metasomatic rocks as compared to the
barren intrusive bodies with sizes almost twice larger than the
ore-bearing intrusions. The exocontact stringer-disseminated and
brecciated sulfide ores, which account for a significant part of the
deposits, are located in aureoles of the skarn-associated hydro-
garnet-serpentine metasomatites and brucitites that replaced the
monticellite and forsterite skarns (Figs. 2 and 3).
Dodin et al. (1994), Dodin (2002) and Dyuzhikov (2004) made
important contribution to the understanding of the metallogeny in
the Norilsk region: the presence of high pressure and large volume
of fluids controlled the spatiotemporal distribution of silicates,
sulfides and low-sulfide platinoid melts. This factor was crucial for
a metal saturation of the entire ore-magmatic system. Remobili-
zation by the overheated melts, fluids and heated recycling waters
provided an efficient mechanism for the metal transport from host
rocks to ore bodies. This mechanism resulted in unique (in terms
of the range of useful components) ores in the Norilsk region. The
mantle-derived magmatic ore materials were supplemented with
considerable amounts of Cu, Au, Ag and PGE extracted from the
Figure 2 Interrelation between intrusive rocks in the profile across
the upper Talnakh intrusion (Sukhov and Norisov, 1982). 1e5, 7:
intrusion horizons (1: leucogabbro; 2e5, 7: dolerites, olivine-free,
olivine, contact, taxitic); 6: dolerites of the post-intrusive stage; 8:
chromspineleolivine rocksespinel troctolites; 9, 10: skarnoids and
calciphyres (9: mineralized, 10: barren); 11: microdolerite of the
posture stage; 12: faults.
Figure 3 Model of the lateral and vertical zonality in contact-metamo
Norilsk region (Turovtsev, 2002). 1e7: intrusive rocks (1: marginal conta
4e7: gabbro-dolerites, 4: olivine-free, olivine-bearing, 5: olivine, 6:
(8: massive, 9: stringer, 10: brecciated, 11: disseminated in intrusives, 12:
hornfelses and marbles, P: pyroxene-hornfels, A: amphibole-hornfels, M
hydrothermal rocks. Correspondence of the real near-intrusive aureoles w
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copperemolybdenum deposits, black shales, or the greenstone
belt in the region.
Probable regenerative mechanism of origination of the latest
hydrothermal CoeNieSbeAs mineralization in the Norilsk ore
field was suggested by Spiridonov and Gritsenko (2009). Ore
elements in this association were mainly derived from the meta-
morphosed AgeAuePtePdeCoeNieCu sulfide ores of the
region. The conclusion made by these authors is very important for
the theory of endogenic ore formation: “The Norilsk regenerative
metamorphic-hydrothermal model is one possible mechanism of
the formation of the five-metal (UeAgeBieNieCo) ore
association.”
3. Continental-crust origin of the Norilsk deposits
The unique Norilsk and Talnakh copperenickel deposits associ-
ated with the Mesozoic basalt traps in the northwestern East
Siberian platform (Musatov et al., 1990; Starostin and Sorokhtin,
2003; Starostin, 2004; Starostin and Ignatov, 2004) are excellent
examples of secondary mobilization (recycling) of the older ore
formations, whereas the major part of these trap rocks, which
extend far southeast of the Norilsk region, is almost barren.
Besides, the multiple convective mixing of the mantle-derived
materials in Mesozoic was responsible for its sufficiently
homogeneous composition without large inclusions of rocks
enriched in ore elements (Sorokhtin, 2007). Thus, although the
ores at Norilsk are located in the basalt traps, they are not
genetically interrelated. This is also suggested by other basaltrphic aureoles of the differentiated ultramafic-mafic intrusives in the
ct gabbro-dolerites; 2: hybrid-metasomatic rocks; 3: gabbro-diorites;
picritic, picritic-like, 7: taxitic, taxitic-like); 8e12: sulfide ores
exocontact); 13: outer contour of aureole; 14: metamorphic facies of
: muscovite; 15: metamorphic rocks; 16: metasomatic rocks; 17:
ith zones in the model is shown at the top.
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Ethiopian traps, which are compositionally similar to the Siberian
traps located outside Norilsk and Talnakh. All these rocks are
similar, but barren. The situation is similar with basalts of
mid-oceanic ridges extending over 60,000 km on the ocean floor
around the world. Everywhere, these rocks are derived from the
mantle and characterized by similar compositions, but they are
barren.
Hence, we can conclude that the copperenickel ores of Norilsk
and Talnakh were brought into Siberia not from the mantle. This is
supported by the following concept of the Earth evolution: after
the separation of the Earth’s core and evolution of geological
processes according to the principles of plate tectonics, convective
motions in the mantle during 2.5 Ga mixed up its materials very
well and made it homogeneous without any appreciable ore
anomalies. Then, how did the platinum, nickel, copper and iron
sulfide ores form?
We can only assume that the ores of the Norilsk region
(probably, except for the most of iron) were delivered to basaltic
magma from the continental crust owing to mobilization (recy-
cling) of ore elements. However, in order to test this assumption,
we should determine the probable composition of the basement
and Early Proterozoic rocks, as well as the structure and compo-
sitions of the Tungus syncline and the Talnakh trough.Figure 4 Schematic mineragenic regionalization of the Anabar shield,
metamorphic granulite complexes: Anabar complex: 1 - quartziteeenderbit
andesitic); 3 - charnockite (volcanogenic e andesiticerhyolite); 4 - gne
(carbonate-terrigenous-volcanogenic e andesitic); Khapchan complex: 6 - m
Proterozoic diaphtorites after EarlyArchean granulite complexes: 7 - granite g
low-temperature epidoteeamphibolite facies). Magmatic formations: 9 - meta
charnockite (EarlyeLate Archean); 11 - anorthositeegabbronorite (Late Ar
rozoic); 13 - granite, including pegmatite (Early Proterozoic). Boundaries:
Bilyakh (I), Kharap (II), Monkhoolin (III), Lamuik (IV), Churbukulakh (V
b - Magan, c - Khapchan; 17 - Anabar deep fault; 18 - uranium manifestati
aureoles.According to Khain (2001), the Siberian platform basement is
composed of Archean blocks, but their amalgamation into a single
platform and its consolidation probably took place at the end of
the Early Proterozoic. The Tungus megablock is exposed in the
southwesternmost area and bounded to the west by the Yenisei
mobile belt with exposures of Early Precambrian rocks. This belt
is marked by the presence of thick Lower Proterozoic
sedimentary-magmatic rocks that probably formed at active
continental margins.
Therefore, these sedimentary-magmatic rocks can also include
the whole series of mineral deposits that are typical for this unique
metallogenic epoch. For example, Kuznetsov (2001) identified the
Kotuikan Ni-bearing zone in the western Anabar shield within the
Kotuikan structural-facial zone with a copperenickel mineralization
in ultramafic rocks and gabbronorites of the Allarechensk type.
Within the West Anabar sub-province, the Lamuisk and
Monkhoolinsk zones are characterized by the AuePdePt minerali-
zation with Cu, Ni, U, Th, Mo and Mn (Fig. 4). The exposed base-
ment structures of the southern Siberian platform also display the
whole assemblages of typically Early Precambrian ore formations,
including the PGEeCueNi mineralization (Figs. 5e8).
According to Zhizhin et al. (2000), EarlyeLate Archean meta-
duniteeharzburgite (with manifestations of Cr, Ni and PGE) and
metakomatiiteebasalt (with Cu, Ni and PGE) formations and Earlyaccording to Vishnevsky (Dodin, 2002). Formations of Early Archean
e, chemogenicevolcanogenic (basaltic); 2 - enderbite (volcanogenic e
issic enderbite (carbonate-terrigenous); 5 - marble-gneissic enderbite
arble-gneiss (carbonate-terrigenous). Formations of Late ArcheaneEarly
neiss (high-temperature amphibolite facies); 8 - gneiss-schist (medium- to
ultramafic-mafic (Early Archean); 10 - migmatiteegranite, including the
chean); 12 - granodioriteegraniteesyenite (Late ArcheaneEarly Prote-
14 - Anabar mineragenic province; 15 - structural-metallogenic zones:
); 16 - mineragenic zones of the Anabar province: a - Central Anabar,
ons; 19 - gold manifestations: placer (a) - native (b); 20 - dissemination
Figure 5 Schematic locations of ultramafic-mafic massifs in folded structures of the South Siberian and Far East regions (Polyakov and
Bognibov, 1995). 1: Quaternary sediments; 2: Meso-Cenozoic cover of the West Siberian plate; 3: cover of the Siberian platform; 4e11:
folded complexes (4: Hercynian, 5: Middle Paleozoic and Mesozoic complexes of intermontane troughs, 6: Caledonian, 7: Salair, 8: Proterozoic,
9: Proterozoic eugeosynclinal Baikal-Muya zone, 10: Archean-Lower Proterozoic, 11: Archean); 12: ultramafic-mafic massifs; 13: alpine-type
ultramafic rocks; 14: gabbro-anorthosite massifs; 15: manifestations of various types of platinum metal mineralization in placers (a: sperrylite,
b: RheOs, c: ferroplatinum); 16: manifestations of native platinum mineralization in ultramafic-mafic massifs (numbers in circles), 1: Middle
Tersin, 2: Atalyk, 3: Lower Derbin, 4: Argydzhek, 5: Kingash, 6: Zapevalikha, 7: Taktygoi, 8: Kurtugoi, 9: Malozadoi, 10: Yoko-Dovyren, 11:
Chinei, 12: Inagli, 13: Taezhnoe deposit, 14: Lukinda, 15: Veselkin, 16: Tangrak, 17: Luchan, Ildeus, 18: Konder, 19: Sybakh, 20: Chad, 21:
Feklistov.
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others) have been found in the Aldan shield. According to Glazunov
et al. (2003), the second largest Siberian NiePt province has been
identified in the 1960s in the Archean YeniseieSharyzhalgai
graniteegneissic complexes in the southern margin of the North
Asian craton (Fig. 6). This area includes the Kan and Biryusa
greenstone belts with numerous (more than 100) ultramafic bodies
with anomalously high sulfide-nickel and platinoid mineralization.
The Kingash deposit with unique reserves and ore content (Pt, Pd up
to 17 g/t, Ni > 1%) has been discovered and explored in the richest
part of the Kansk ore belt. The deposit is located in the
picriteekomatiite complex that fills up a linear trough. Distribution
trend of sulfides and platinoids in rocks and ores of the deposit is
similar to that in Sudbury, Pechenga and Mochetundra.Figure 6 The Sayan nickeleplatinum province (Glazunov et al., 2003
Archean blocks; 2: Late Archean blocks; 3: Early Proterozoic troughs and
ultramafic bodies of the Sayan nickeleplatinum province. Protrusions of tChinei and Yoko-Dovyren intrusions belong to the Precam-
brian layered ultramafic-mafic massifs in the rifting structures of
the southern Siberian platform associated with a wide range of
mineralization (Gongalsky et al., 2006; Tolstykh et al., 2008;
Gongalsky, 2010). The unique (in scale) Chinei deposit and the
spatially associated Udokan copper deposit, as well as the
Katunga rare metal deposit, were formed during the Early Prote-
rozoic stage of the Earth’s evolution. Massifs of the Chinei
complex include the following ore types: early and late magmatic
FeeTieV, late magmatic CuePGE, pneumatolytic-hydrothermal
FeeCueAueAg, hydrothermal-metasomatic uranium-rare metal
and hydrothermal-vein base metals.
The layered Yoko-Dovyren dunite-troctolite-gabbro massif was
formed in the Riphean Olokit rift confined to the boundary between) in the Kansk (K)-Biryusa (B)-Sharyzhalgai (Sh) terrane. 1: Early
depressions; 4: Caledonian fold zone; 5: deep and regional faults; 6:
he platform basement: K e Kansk; B e Biryusa; Sh e Sharyzhalgai.
Figure 7 A: Schematic geological structure of the North Baikal
nickeliferous province (Konnikov et al., 1994). 1: Early Proterozoic
Akitkan (a) and Late Riphean Synnyr (b) riftogenic structures; 2:
Early Proterozoic Kodar-Udokan (K-U), Late Riphean Baikal-Patom
(B-P) and Koter (KT) perioceanic basins; 3: Late Riphean Baikal-
Muya ensimatic island-arc; 4: exposures of the Archean crystalline
basement (Chu e Chuisk, Cha e Chara, M eMuisk); 5: nickeliferous
ultramafic-mafic plutons, ①: Yoko-Dovyren, ②: Avkit, ③: Chaisk,
④: Gasan-Dyakit, ⑤: Nyurundukan. B: Schematic geological struc-
ture of the Yoko-Dovyren dunite-troctolite-gabbro massif. 1: plagio-
clase peridotites; 2: plagioclase dunites, wehrlites; 3: rhythmic
alternation of plagioclase dunites, troctolites, olivine gabbro; 4:
olivine gabbro and gabbronorite; 5: sills of granophyric gabbronorite;
V.I. Starostin, O.G. Sorokhtin / Geoscience Frontiers 2(4) (2011) 583e591588the Baikal-Patom paleobasin and the Baikal-Muya ensimatic
island-arc (Figs. 5 and 7). All these structures were developed in the
thick Early ProterozoiceRiphean carbonate-terrigenous sequences
that are metamorphosed up to the greenschist and amphibolite
facies (Tolstykh et al., 2008). The Baikal copperenickel sulfide
deposit is associated with plagioclase lherzolites in the marginal
zone of the massif and their sill-shaped apophyses.
The region comprises syngenetic and epigenetic ores. The first
type is characterized by low contents of pentlandite, high
concentrations of chalcopyrite and ilmenite, and the presence of
sulfoarsenide mineralization. The epigenetic type, which makes
up veins and crush zones, is related to the youngest (Paleozoic)
deformation stage. It is generally characterized by higher contents
of Co, Ni and Cu. On the whole, PGE and Au are associated with
the sulfide CueNi ores and characterized by low concentrations of
metals. Their maximal and minimal contents are observed in the
vein and syngenetic types, respectively.
According to the multicomponent diagram of the chondrite-
normalized Cu, Ni and noble metal concentrations recalculated to
100%, sulfide ores of the Baikal deposit are similar in terms of
distribution pattern, but vein deposits are distinguished by lower
concentrations of PGE and Au (Fig. 8). Based on the PGE
concentrations and (Pt þ Pd)/(Ru þ Ir þ Os) ratio, they are
similar to ores of the Voisey’s Bay deposit and occupy an inter-
mediate position between the ores of Talnakh and Jinchuan.
It has been established that the Transbaikal region is supersat-
urated with not only superlarge and large deposits, but also with
numerous smaller polygenous and polychronous mineral occur-
rences. This province is particularly characterized by sequential
stages of regeneration and redeposition of ore materials in
the whole geochronological scale ranging from Late Archean to
NeogeneeQuaternary. This can be illustrated by the Udokan-Chinei
ore-magmatic system. According to Gongalsky (2010), this system
evolved in several tectono-metallogenic stages with the sequential
regeneration of copper mineralization: (1) Early Proterozoic
KadareUdokan trough (gabbroids of the Chinei complex); (2)
VendianeCambrian Upper Kalar depression (gabbrodiabases of the
Doros complex); (3) Mesozoic Upper Kalar depression and Chuk-
chuda graben (basalts in depressions and dikes); (4) Cenozoic
Upper Chara depression (basalts of the Udokan lava plateau and
dikes). Each of these stages is marked by genetically different
copper mineralization ranging from the high-temperature magmatic
mineralization (associated with the mafic-ultramafic magmatism) to
the medium- and low-temperature (hydrothermal) and exogenic
(sedimentary-diagenetic) varieties.
The evolution of these processes depended on the Archeane
Proterozoic continental crust with an anomalous enrichment of
siderophile and chalcophile elements. Since the mobile chalco-
phile elements are more actively subjected to recycling, scales of
their redeposition in the younger lithostructural complexes
appreciably surpass the siderophile transformation. Development
of ore-magmatic systems in time was characterized by a close
association of three factors: endogenic and exogenic genesis of
ores and scale of the compositional homogenization of mantle.
Thus, PGEeCueNi mineralization is widespread in all areas,
where the Precambrian basement of the Siberian platform is
accessible for investigation.6: position of the critical zone with the Pt-bearing horizon (reef 1); 7:
effusives (trachyrhyolites, trachydacites, andesites); 8: quartzites,
limestones, shales, sandstones; 9: faults.
Figure 8 Distribution of the Cl chondrite-normalized (Naldrett,
2003) contents of noble metals, Ni and Cu recalculated to 100%
sulfide in sulfide ores of copperenickel deposits. a: Baikal deposit
(Tolstykh et al., 2008), 1: disseminated (low-grade) in plagioclase
peridotites, 2: densely disseminated (high-grade) in plagioclase peri-
dotites, 3: vein (massive and brecciated), 4: disseminated in gab-
bronoriteediabases; b: Voisey’s Bay (Naldrett, 2003), 1: disseminated
in taxitic troctolites, 2: massive ores in the Ovoid zone. Disseminated
ores of the Jinchuan deposit (Naldrett, 2003), 3: ore body 24, 4: ore
body 1, 5: ore body 2.
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(recycling) of ore elements from the Later ArcheaneEarly
Proterozoic sediments and magmatic rocks to be a source for the
saturation of barren basalts with sulfides of Cu and Ni, PGE, and
partly with Fe. Moreover, Fe in pyrrhotite could be supplied
directly from basalts. It is noteworthy that these elements are often
abundant (0.1% Cu, 0.06% Ni) in the Mesozoic basalts (particu-
larly, Late Paleozoic epidotized basalts of the Chukchuda graben)
of ore regions containing CueNi mineralization in the Early
Proterozoic basement (Stupak et al., 1987; Gongalsky, 2010).
During the last 10e15 years large magmatic PGEeCueNi
deposits have been discovered not in typical ore objects confined to
rifting platform settings, but in mobile orogenic belts and island-
arcs, for example, Voisey’s Bay (Canada) and others. These belts
were formed at three stages: (1) formation of the active margin of
continent; (2) collisional stage; and (3) post-collisional stage.
Deposits were formed during the post-collisional stage underneocontinental settings in strike-slip fault zones characterized by
wide manifestations of the high-K calc-alkaline magmatism.
Such deposits are found in the Central Asian orogenic belt: the
Jinchuan and Kalatongke deposits (China) and others (Distanov
and Obolensky, 1994; Song et al., 2009; Song and Li, 2009).
Ages of host intrusions vary from 1508 to 827 Ma (Jinchuan) to
287 Ma (Kalatongke) and 285e216 Ma (ore-bearing intrusions in
the Huangshan metallogenic zone).
Based on many mineralogical and petrologicalegeochemical
characteristics, these deposits differ from each other and from the
Early Proterozoic ones due to the influence of alkaline fluids at
different stages of the development of ore-magmatic systems. The
metasomatic influence of fluids on themobilization scale of PGE and
REE was particularly significant. Petrologicalegeochemical char-
acteristics suggest that the ore-bearing magmas in all studied objects
were derived from partial melts of the metasomatized mantle. The
mantle’s ore potential is governed by its age.HighestCu,Ni andPGE
concentrations are typical for the Early Protterozoic mantle.
The Recent and Mesozoic mantle is practically sterile in terms
of ore elements: they are uniformly redistributed over the mantle
in the Phanerozoic and characterized by relatively low contents.
In this version, basalt melts emplaced in the Norilsk region
could be significantly enriched in ore elements only during their
intrusion into the Early Proterozoic ore-bearing rocks or products
of their subsequent reworking, for example, into the Early
Riphean weathering crust. Hereby, an important role was likely
played by the following process: ancient basalt-enclosing aulac-
ogens were filled with sulfate (gypsiferous) sediments containing
abundant hydrocarbons. This process promoted important endo-
thermic reactions of the release of very active mineralizer
(hydrogen sulfide H2S) with the input of heat (for gypsum,
Q z 34 kcal mol1) from hot basalts:
CaSO4$2H2O
gypsum
þ CH4
methane
þ34 kcal mol1/CaCO3
calcite
þH2Sþ 3H2O
ð1Þ
Similarly, anhydrite is transformed according to the following
reaction:
CaSO4
anhydrite
þ CH4
methane
þ9:5 kcal mol1/CaCO3
calcite
þH2SþH2O ð2Þ
Iron sulfides are formed after silicates by the exothermic
reaction with the release of heat and the destruction of initial
silicates:
Fe2SiO4 þMg2SiO4
olivine
þ2H2S/ 2FeS
pyrrhotite
þ2MgSiO3
enstatite
þ2H2O
þ38:8 kcal mol1 ð3Þ
We should bear in mind that these reactions are accompanied
by the release of gaseous water with DH0f Z 57.8 kcal mol
1 but
not liquid water, for which DH0f Z 68.3 kcal mol
1.
Emplacement of basalts into the gypsiferousecoaliferous
sequences leads to the formation of diopside by the exothermic
reaction with the release of heat:
Fe2SiO4 þMg2SiO4
olivine
þ2CaSO4 þ 2C/2FeS
þ2CaMg½Si2O6
diopside
þ2CO2 þ 210 kcal mol1 ð4Þ
Emplacement of hot basalts into the hydrocarbon-saturated
sedimentary rocks produces monticellite by the endothermic
reaction with the absorption of heat:
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olivine
þ2CaSO4 þ 2CH4 þ 45:33 kcal mol1/
2FeSþ 2CaMg½SiO4
monticellite
þ2CO2 þ 4H2O ð5Þ
Copper could enter the melts directly from the Proterozoic and
Riphean aulacogens that are widespread in the Siberian
platform and filled with terrigenous material. Development of the
red-colored weathering crust in such sequences is commonly
accompanied by the formation of cupriferous sandstones and
schists usually of the sulfide composition: chalcocite Cu2S, bornite
Cu5FeS4 and chalcopyrite CuFeS2 (Narkelyun et al., 1983).
Thus, the problem of the origin of iron and copper sulfides in
the Norilsk ore belt is solved relatively easily by this hypothesis.
The situation with the origin of nickel sulfides is slightly more
complicated. Most of nickel sulfides were probably entrapped in
the Precambrian sulfide ores, such as millerite NiS or pentlandite
(Fe,Ni)9S8 that are widespread in the Early Proterozoic ore bodies.
However, some nickel could have come from the weathering crust
of ultramafic (particularly Precambrian) rocks, which often
include the Ni-bearing analogs of serpentinite: revdinskite,
garnierite and nepouite. Such rocks were found in the southern
Urals (Khalilov and Akkermanov deposits in the Maksyutov
complex) and in New Caledonia. Pentlandite, revdinskite and
garnierite make up an important nickel ore. The Ni-bearing end
member of revdinskite is formed by the following reaction:Ni6½Si4O10ðOHÞ8
revdinskite
þ6H2S/6NiSþ 4SiO2 þ 10H2O ð6Þ
Ascending hot basalts assimilate all metal sulfides formed by
these reactions and transport them to upper levels of the intrusion,
where the melts can be subjected to fractionation with possible
formation of massive ore layers.
Since metal sulfides of the Norilsk and Talnakh deposits were
formed from hydrogen sulfide produced mainly by the reduction
of sulfate minerals, we can expect that the sulfate isotopic
composition of sulfides will also be retained and indeed it is. The
isotopic composition of sulfides in the Norilsk copperenickel
deposit is obviously shifted toward the isotopes of sulfate sulfur:
34S varies approximately from þ8‰ to þ19‰, while the mantle
characteristics vary from 0 to þ2‰ (Grinenko and Grinenko,
1974; Almukhamedov and Medvedev, 1982). Thus, the sulfur
isotopic composition of the Norilsk sulfides also confirms that
most of them are products of the remobilization of Precambrian
parts of the continental crust by basaltic magmas, i.e., the sulfides
are products of recycling.
4. Conclusions
The results of our analysis suggest that regenerated sulfide ores of
the Norilsk type could have formed under the following conditions:
(1) Presence of a large aulacogen (associated withmagmatic sulfide
CueNi mineralization) that was initiated in the Early Protero-
zoic and consequently filled with terrigenous, gypsiferous and
coaliferous hydrocarbon-saturated sediments. Basalts located
above such ore bodies are usually marked by a high Mg content
(see Reaction 3) and by the presence of carbonates commonly
occurring as large Iceland spar crystals (Reaction 2);
(2) Confinement of the perspective areas to troughs that occur in
the long-lived (hundreds of million years) deep fault zones,which either crosscut thick continental plates, or occur at their
boundaries;
(3) Mobile orogenic belts, island-arc systems and tectono-
magmatic activation zones;
(4) Boundaries of global periods characterized by active processes
of the breakup of continents and large-scale trap magmatism;
(5) Combination of several factors (the first factor is obligatory)
is favorable for the discovery of a large ore body.
Thus, the formation mechanism proposed for deposits of the
Norilsk type suggests that their indicators are as follows: high Mg
content in basalts; presence of calcite, which often makes up large
Iceland spar crystals; diversity of incompatible mineral associa-
tions; presence of thick aureoles of metasomatic reworking; and
wide range of composition and peT conditions of ores.
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